We have studied the carrier transport in poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) field-effect transistors (FETs) at very high field-induced carrier densities (10 15 cm ؊2 ) using a polymer electrolyte as gate and gate dielectric. At room temperature, we find high current densities, 2 ؋ 10 6 A͞cm 2 , and high metallic conductivities, 10 4 S͞cm, in the FET channel; at 4.2 K, the current density is sustained at 10 7 A͞cm 2 . Thus, metallic conductivity persists to low temperatures. The carrier mobility in these devices is Ϸ3.5 cm 2 ⅐V ؊1 ⅐s ؊1 at 297 K, comparable with that found in fully crystalline organic devices.
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conjugated polymer ͉ electronic transport S tarting with the first demonstration of metallic conductivity in chemically doped conjugated polymers (1) , there has been considerable interest in realizing a truly metallic state, wherein nonactivated metallic transport persists to low temperatures. Metallic transport, attributed to improved order of the molecular structure, was recently reported by Lee et al. (2) in polyaniline with room temperature conductivities of Ͼ10 3 S͞cm. While increasing the density of carriers, however, chemical doping also increases disorder, disrupts the intrinsic density of states (3) , and thereby leads to localization of the carrier wavefunctions. This additional source of disorder is eliminated by using the capacitance and gate voltage (V g ) in field-effect transistors (FETs) to induce sufficient carrier densities to reach the metallic regime (4). However, the observation of metallic conduction in the two-dimensional regime within the channel of FETs has been generally limited by both the capacitance and electric field breakdown strength of commonly used gate dielectric materials.
Electrolyte-gate dielectrics, first used by the inventors of the transistor in 1947, can support very high field-induced charge densities compared with conventional dielectrics (5, 6) . Indeed, the conductivity of polymer FETs has been shown to be enhanced by several orders of magnitude when a polymer electrolyte is used (7). More recently, Panzer and Frisbie (8) demonstrated high conductivities (10 3 S͞cm) in polymer electrolyte gated polymer devices at carrier densities of Ϸ10 15 cm Ϫ2 . They assume that an ionic double layer near the interface between the electrolyte and the semiconducting polymer, with charge separation over the nanoscale, is responsible for the exceptionally large field-induced carrier densities. On the other hand, 15 years ago, Wrighton and colleagues (9) carefully examined the in situ doping in electrochemical FETs that utilized liquid electrolyte. Panzer and Frisbie (8) addressed the issue of electrochemical doping by depositing a thin layer of insulating material between the polymer semiconductor and the polymer electrolyte.
In this work, we use a poly(ethylene oxide)͞lithium perchlorate (PEO͞LiClO 4 ) polymer electrolyte gate dielectric to study the carrier transport in poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno [3,2-b] thiophene) (pBTTT-C14) FETs at high carrier densities (10 15 cm Ϫ2 ), over a temperature (T) range from 298 to 4.2 K. Fig. 1a shows the FET structure used to measure the channel conductivity. A section cut from a heavily n-type doped silicon wafer, covered with a 200-to 300-nm-thick SiO 2 layer, is used as the substrate; the polymer electrolyte layer serves as the top gate. The polymer electrolyte used here has been studied in detail elsewhere (ref. 10 and references therein). The channel had a length of 12 m and a width of 1,000 m for all devices.
In the experiments carried out by Panzer and Frisbie (8), two-probe measurements were used to characterize the transport in polymer electrolyte gated devices by using poly(3-hexylthiophene) as the semiconducting polymer. Here, we use a four-probe configuration, with two long parallel electrodes, each 2 m wide and 4 m apart, inside the channel, to enable independent measurements of the channel resistance and contact resistance of the FET. In addition, we use a recently developed liquid crystalline thieno [3,2-b] thiophene polymer, pBTTT-C14 (molecular structure is shown in Fig. 1a ), for which field-effect carrier mobilities were reported to be as high as ϭ 0.2-0.6 cm 2 ⅐V Ϫ1 ⅐s Ϫ1 (11). For field-induced carrier injection, the majority of carriers are confined to a depth of 1-2 nm within the semiconductor; i.e., approximately a monolayer of the semiconducting polymer. All conductivities, , were estimated assuming carrier confinement to within a thickness of 1 nm near the gatedielectric͞polymer inter face. Thus, w ithin this twodimensional layer, the carrier density is Ϸ10 22 cm Ϫ3 . If, on the other hand, the material in the channel has been electrochemically doped by insertion of the perchlorate anions (ClO 4 Ϫ ), the carrier density will be distributed approximately uniformly throughout the film thickness. We discuss this possibility in more detail in the following section.
The n-type doped Si substrate is thermally anchored by using a small spot of Apiezon-N thermal grease applied to a sapphire disk inlaid in a copper block that serves as the heat sink. Temperatures were measured by using a Lake Shore Cryotronics sensor, which was In-soldered to the copper block, directly opposite the device. Fig. 1b shows the V g dependence of the device current typically found at room temperature, at a fixed source-drain voltage of V sd ϭ Ϫ1 V. The source-drain current reaches I sd ϭ Ϫ21 mA at V g ϭ Ϫ3 V, corresponding to a current density of 2 ϫ 10 6 A͞cm 2 . We can expect significant electrical power dissipation into the device at this current density and discuss this point further below. The conductivity in the channel, shown in Fig. 1c, reaches 9 ,700 S͞cm at the highest applied V g , comparable with the conductivity of conventional metals. The maximum conductivity measured in devices having only a bottom-gate dielectric (SiO 2 ) was Ϸ1 S͞cm at V g ϭ Ϫ140 V (4). Therefore, the electrolyte-gated field effect clearly dominates the device transconductance over the range of voltages measured here.
Results and Discussion
The carrier mobility in the device can be calculated by estimating the polymer electrolyte double-layer capacitance to be C ϳ 100 F⅐cm Ϫ2 (8) . The highest mobility achieved, calculated by using the relation ϭ ne, where n is the areal charge density (CV g ) and e is the electronic charge, is Ϸ 3.5 cm 2 ⅐V Ϫ1 ⅐s Ϫ1 at V g ϭ Ϫ2.8 V, which is significantly higher than that measured for SiO 2 -gated devices (11) § and comparable with the carrier mobilities found in FETs fabricated with organic single-crystal semiconductors (12) . The increase in mobility at high carrier densities is qualitatively consistent with the data reported for poly(3-hexylthiophene) devices (8) . The high conductivity and high mobility imply band transport rather than hopping through a distribution of localized levels. Fig. 2a shows the temperature dependence of the conductivity for varying V sd , measured in the range 4.2-15 K, for a device that had been first cooled to 4.2 K with the gate bias held constant at V g ϭ Ϫ3 V and with V sd ϭ 0 V. The data clearly show a weak temperature dependence that implies finite conductivity at T ϭ 0 K, characteristic of metallic behavior. For example, at V sd ϭ Ϫ8 V, the channel conductivity is 1,600 S͞cm; therefore, the metallic conductivities observed at room temperature (Fig. 1c) persist down to 4.2 K. At low temperatures (see Fig. 2a Inset), and for all devices at T Ͻ 260 K, the channel conductivity is independent of V g up to the maximum applied voltage, indicating that ionic motion is completely frozen out. Fig. 2b shows the dependence of the current and conductivity on the source-drain electric field (E) at 4.2 K. At the highest applied V sd ϭ Ϫ8.6 V, E ϭ 5.8 kV͞cm, ¶ the current reaches I sd ϭ Ϫ98 mA, corresponding to a current density of 10 7 A͞cm 2 . The ability of the device to support such a high current at low temperatures is remarkable.
Above ͉I sd ͉ ϭ 43 mA (4 ϫ 10 6 A͞cm 2 ), we find that the temperature of the device (as inferred from the calibrated thermometer mounted on the copper sample holder) begins to increase, indicating Joule heating due to the channel resistance. For example, with the sample holder immersed directly into the liquid helium, the measured temperature increase is ⌬T Ϸ 60 mK at I sd ϭ Ϫ98 mA (V sd ϭ Ϫ8.6 V). Note that there is no change in the measured conductivity when the sample holder is lifted out of the cryogenic liquid, whereas the measured temperature jumps by 1-2 K (see Fig. 2a ). The data in Fig. 2b span a range of electrical input power of Ͼ3 orders of magnitude. Therefore, although Joule heating is present at the highest current densities measured, it does not significantly change the measured conductivity values. Fig. 2b Inset shows the V sd dependence of the channel and contact resistances at 4.2 K. The channel resistance becomes ohmic with increasing V sd . Note that even at 4.2 K, the contact resistance is small (smaller than that measured at room temperature) and constant over the entire voltage range measured, consistent with the high conductivity of the gate-induced metallic layer in the channel. Fig. 3 shows the T-dependent conductivity measured for three polymer electrolyte gated devices and for a single SiO 2 -gated device with no electrolyte layer (similar data are discussed in ref. 4) . We find that although all of the electrolyte-gated devices shown had initially high conductivities (Ͼ10 3 S͞cm) at room temperature, their T dependences, measured subsequent to freezing the motion of ions in the electrolyte, are somewhat different. The conductivity for devices S1 and S2 is weakly temperature dependent; e.g., the data for S1 exhibit an activation energy of 3.6 meV. Device S3, on the other hand, shows an increase in conductivity with decreasing temperature, as expected for a metal. The origin of the different T-dependent behavior is unclear and, presumably, is controlled by the nature of the polymer͞polymer electrolyte interface. The conductivity data for the SiO 2 -gated device (lower capacitance and therefore lower carrier density) show stronger T-dependent behavior with an activation energy of 15 meV, between 200 and 50 K, at V g ϭ Ϫ140 V. Therefore, the data unambiguously confirm that the carrier transport is sensitive to the level of field-induced carrier density. § We measure a field-effect mobility in the saturation regime of 0.1 cm 2 ⅐V Ϫ1 ⅐s Ϫ1 at 296 K in ambient air, using the SiO2 as the gate dielectric. ¶ The source-drain electric field, E, across the transistor channel is the measured four-probe voltage across the channel divided by the effective channel length. As noted above, electrochemical oxidation of pBTTT-C14 by the perchlorate anions would significantly alter the charge distribution profile within the transistor channel from that expected for a purely capacitatively coupled device. Although Panzer and Frisbie (8) attempted to rule out electrochemical doping by depositing a thin insulator between the polymer semiconductor and the polymer electrolyte, the possibility of pinholes in the insulating layer is, however, difficult to completely rule out. If the semiconducting polymer were in fact wholly electrochemically doped, the calculated conductivities and current densities given above would be smaller by the ratio of the polymer thickness to that of the assumed accumulation layer.
We note, however, the following: (i) the measured device conductance does not change significantly when the polymer thickness is decreased from 30 to 12 nm; ʈ therefore, the spatial extent of any electrochemical doping is not uniform and is instead restricted to a few monolayers near the semiconducting polymer͞polymer electrolyte interface; (ii) the persistence of the metallic state at 4.2 K with unprecedented conductivity values and very low activation energies are features uncharacteristic of typical electrochemically doped samples; (iii) the very small, nonactivated contact resistance over the entire temperature regime studied is consistent with a metallic state, with metallic screening at low temperatures; and (iv) given (i), for a sufficiently thin electrochemically doped layer, the charge confinement will approximately resemble that expected in an FET. Hence, the calculated conductivity and current density values are considered to be realistic estimates.
Finally, we carried out the following control experiment: by using an identical device configuration, with poly(3-hexylthiophene) as the active semiconductor, a voltage was applied to the electrolyte gate, and the expected increase in the channel conductance was observed. The electrolyte then was removed by using an acetone, isopropanol wash, and the device was tested again (I sd vs. V g ) by using SiO 2 as the gate dielectric and the doped Si substrate as the gate electrode. There was no evidence of electrochemical doping in the bulk of the film; the maximum source-drain current (I sd ) was in the microampere range both before and after charging and then removing the electrolyte gate. In addition, after removing the electrolyte either by the acetone, isopropanol wash or by using adhesive tape, no significant color change in the polymer was observed. Thus, we found no indication of electrochemical doping in the bulk of the semiconducting polymer film. We speculate that the low mobility of the ClO 4 Ϫ within the poly(ethylene oxide) host inhibits p-type electrochemical doping.
In conclusion, we have confirmed metallic field-induced charge carrier densities in polymer FETs by using a polymer electrolyte gate dielectric (8 The use of the polymer electrolyte gate dielectric creates an opportunity for exploring a wide variety of materials for the detailed investigation of formerly unreachable transport regimes. One must, however, be careful in every case to consider the possibility of electrochemical doping.
Materials and Methods
Devices were fabricated on heavily n-type doped silicon substrates covered with a 200-to 300-nm-thick SiO 2 layer. The source, drain, and gate contacts were metallized by using 50 nm of Au with a 5-nm-thick Ti adhesion layer. The polymer was dissolved into 1,2-dichlorobenzene (Sigma-Aldrich) at a concentration of 5 mg͞ml and deposited by spin coating onto an octadecyltrichlorosilane (1% dilution in toluene) pretreated substrate from a warm solution at 3,000 rpm for 60 s in a nitrogen-filled glove box. Devices were annealed on a hot plate at 160°C in the glove box for 10 min. Typical film thickness was 30 nm (measured by using a Filmetrics F20 analyzer). For the polymer electrolyte, LiClO 4 (Fluka) was added to poly(ethylene oxide) (Sigma-Aldrich), average M v ϳ 100,000, in a 1:1.36 by weight ratio and dissolved in acetonitrile (Sigma-Aldrich) at a concentration of 30 mg͞ml. The final solution was obtained by passing through a 0.2-m polytetraf luoroethylene (PTFE) filter. Devices were completed by drop-casting the electrolyte directly onto the polymer layer and left overnight under vacuum to dry. Devices were measured by using Keithley Sourcemeters (Model 2400), with internal impedance of Ͼ10 10 ⍀. Temperature was varied from 298 to 4.2 K by dipping the device into a dewar containing liquid helium. The lowest temperature (4.2 K) data were obtained by immersing the device directly into the cryogenic liquid.
ʈ The thinner polymer film was deposited by spin coating from a lower-weightconcentration pBTTT-C14 solution. Fig. 3 . Conductivity vs. temperature for three polymer electrolyte gated (circles) devices at V sd ϭ Ϫ1 V. All devices were cooled beforehand to Ϸ260 K while holding the gate bias constant at V g ϭ Ϫ3 V. The data for a device without the electrolyte layer (squares), gated instead by using the bottom contact (SiO 2, 200-nm thick), are shown at fixed Vsd ϭ Ϫ60 V and varying V g.
